Copper-doped nickel hydroxide (Cu:Ni(OH) 2 ) was synthesized via a facile wet-chemical method and its structural and electrochemical properties were compared to those of pure nickel hydroxide (Ni(OH) 2 ). After Cu incorporation, the morphology of the Ni(OH) 2 nanostructures could be easily tuned from a curved nanolayered structure to a nanolayer-stacking structure. Both samples were hydrophilic. Furthermore, even though no additional conductive and binder materials were employed, the Cu:Ni(OH) 2 sample exhibited better pseudocapacitance performance than the Ni(OH) 2 sample. These results confirmed that the Cu:Ni(OH) 2 sample, which can be prepared by an easy low-cost method, shows great potential for application in electrochemical devices.
INTRODUCTION
Hierarchical nanostructures of nickel hydroxide (Ni(OH) 2 ) have been extensively investigated because of their potential application as materials in various electronic and optoelectronic applications [1] [2] [3] . Recently, the introduction of 1-dimensional (1D) carbon nanotubes (CNTs) and 2-dimensional (2D) reduced graphene oxide (rGO) into Ni(OH) 2 was demonstrated as an effective way to modify the morphology of Ni(OH) 2 nanostructures and improve their electrochemical performance. These nanostructures are usually prepared via a two-step approach [4] [5] [6] . However, the addition of a dopant to the precursor aqueous solution could provide a simple one-step wet-chemical method [7] [8] [9] [10] [11] [12] . He et al. reported that the incorporation of Cu in the nickel oxide (NiO) structure is an easy way to improve the electrochromic behavior of the material [9] . In our previous study, we reported the effect of Cu incorporation on a nanocrystalline NiO thin film prepared by a sol-gel spin coating method [10] . With the addition of a small amount of Cu, the Cu-doped NiO thin film exhibited decreased resistivity but increased crystalline size over those of the pure NiO thin film. Recently, Zheng et al. reported that ultrafine nickel-copper carbonate hydroxide (NiCu(OH) 2 CO 3 ) nanowire network arrays on Cu foam exhibited excellent electrochemical performance [11] . Moreover, Shruthi et al. reported that the addition of CuO to Ni(OH) 2 enhanced the electrochemical response of the compound [12] In this study, we prepared a 2D nanolayer-stacking structured Cu-doped nickel hydroxide (Cu:Ni(OH) 2 ) film via a simple one-step process and compared its structural and electrochemical properties to those of pure Ni(OH) 2 .
EXPERIMENTAL
The Ni(OH) 2 sample comprised a simple aqueous solution of nickel acetate tetrahydrate (Ni(CH 3 COO) 2 4H 2 O, Ni(Ac), 10 mM) and hexamethylenetetramine (C 6 H 12 N 4 , HMT, 10 mM). Copper acetate monohydrate (Cu(CH 3 COO) 2 H 2 O, Cu(Ac), 0.5 mM) was added as a dopant to the precursor aqueous solution to afford the Cu:Ni(OH) 2 sample. The reaction was performed at 95 ºC for 6 h; detailed fabrication processes have been reported in our previous study [13] . Finally, the asprepared Ni(OH) 2 and Cu:Ni(OH) 2 nanostructures were dried at 90 ºC for 24 h in air.
The crystalline phase and morphology were examined by X-ray diffraction (XRD, D8 ADVANCE) and field emission scanning electron microscopy (FESEM, JSM-6701F), respectively. The composition was analyzed using an energy dispersive X-ray spectroscopy (EDS) attached to the FESEM. Chemical bonds were identified by Fourier transform infrared spectroscopy (FTIR, FT/IR-6100), while the water contact angle was measured using DropMaster DM100.
The electrochemical performance was evaluated by cyclic voltammetry (CV, HOKUTO DENKO, HZ-7000). The typical three-electrode system employed comprised of a 2 M KOH aqueous solution as the electrolyte, a Pt foil as the counter electrode, and a Ag/AgCl as the reference electrode. The active materials (~0.18 mg and 0.20 mg for Ni(OH) 2 and Cu:Ni(OH) 2 , respectively) were dropcasted on poly(ethylenimine) (PEI)-coated indium tin oxide (ITO)/glass substrates and subsequently dried at 90 ºC for 24 h in air. The active materials did not require further annealing and no additional conductive or binder materials were employed. Figure 1 presents the XRD patterns of the Ni(OH) 2 (a) and Cu:Ni(OH) 2 (b) samples prepared on glass substrates. For the Ni(OH) 2 sample, diffraction peaks of 19.1º, 31.9º, and 38.4º, at the 2 position, were indexed to the (001), (100), and (101) planes of hexagonal -Ni(OH) 2 (JCPDS Card No. 14-0117), respectively. Ni(OH) 2 was formed from the reaction between the Ni 2+ ions released from the Ni(Ac) precursor and the OH -ions afforded from the decomposition of the HMT [14] . Additionally, weak diffraction peaks at the 2 position of 9.5º and 14.5º were assigned, respectively, to the (002) and (110) . These results implied the formation of a layered structure. However, these diffraction peaks shifted toward a lower diffraction angle compared to those observed for standard -Ni(OH) 2 . This was attributed to the incorporation of Cu ions and/or intercalation with various anions [14] . In our previous study, a similar tendency was observed when the reaction temperature was varied [15] . Thus, after decreasing the reaction temperature to 70 ºC, a marked increase in the intensity of the diffraction peaks indexed as the -Ni(OH) 2 phase was observed [15] . No diffraction peaks related to the copper carbonate hydroxide (Cu 2 (OH) 2 CO 3 ) and copper hydroxide (Cu(OH) 2 ) phases were observed, possibly because the Cu ions could be easily substituted for the Ni ions [10, [16] [17] [18] . Fig.3(c) ] that led to the formation of curved nanolayered structures. Detailed morphological evolution of the Ni(OH) 2 sample for various reaction times and annealing temperatures has been discussed in our previous paper [13, 15] . With the addition of Cu, the sample displayed a unique morphology. Compared to the Ni(OH) 2 sample, the Cu: Ni(OH) 2 sample presented fewer protruding nanosheets (bright) and more flat area (grey) on its surface (Fig.3(d) . The cross-sectional images (e,f) reveal that the Cu:Ni(OH) 2 sample exhibits a nanolayer-stacking structure (nanolayer thickness ~20 nm); this is in agreement with the XRD result ( Fig.1(b) ). With the incorporation of Cu, the nucleation rate for the formation of the nanosheets decreased, thereby leading to an increased flat area (grey) on the surface of the Cu:Ni(OH) 2 sample. Comparable results were observed for the morphological evolution of different reaction temperatures [15] . Similar layer-stacking structures have been reported for a layered MgAl-double hydroxide prepared by the electrophoretic deposition (EPD) [21] ; however, the nanolayer-stacking morphology of the nickel-based hydroxide nanostructures is unique and critical to their overall functionality in the proposed application [22] [23] [24] . Both EDS spectrum and elementary mapping images revealed that Cu and Ni are spread uniformly over the entire surface (Fig.4.) . Water contact angles were measured to investigate the surface wettability of the two samples. The water contact angle of the Cu:Ni(OH) 2 sample was 37º, whereas water seeped into the surface of the Ni(OH) 2 sample. These results suggest that both samples exhibit hydrophilicity, an essential property for their applications as electrochemical supercapacitors [25] . Figure 5 (a) shows the CV curves of the Ni(OH) 2 and Cu:Ni(OH) 2 samples at a scan rate of 20 mV/s. The inset reveals that the Ni(OH) 2 sample exhibits poor electrochemical activity, while the CV curve of Cu:Ni(OH) 2 sample implies pseudocapacitive characteristics. In addition the Cu:Ni(OH) 2 sample presented better electrochemical activity than the Ni(OH) 2 sample. Two anodic peaks at 0.35 V and 0.39 V were attributed to the oxidation of -Ni(OH) 2 to -NiOOH and phase transformation of -Ni(OH) 2 to -Ni(OH) 2 , respectively, while the cathodic peak at 0.28 V was attributed to the reverse process, namely -NiOOH to -Ni(OH) 2 [2] . Figure 5(b) depicts the CV curves of the Cu:Ni(OH) 2 sample for scan rate ranging from 5 to 100 mV/s. No distortion in the symmetry of the CV curves was observed with an increase in the scan rate. The current density clearly increased with increasing scan rate and all the CV curves maintained a similar shape indicating that the Cu:Ni(OH) 2 sample favored fast redox reactions. In addition, the large planar surface of the nanolayer-stacking structured Cu:Ni(OH) 2 can facilitate electron transfer from the Cu:Ni(OH) 2 to the ITO electrode. Figure 5 (c) shows that both anodic (square) and cathodic (circle) peak current densities are linearly proportional to the square root of the scan rate, demonstrating the quasi-reversible behavior of the Cu:Ni(OH) 2 electrode [26] . The specific capacitance C (F/g) was calculated from the following equation [27] :
RESULTS AND DISCUSSION
where m and v are the mass and scan rate, respectively. V is the potential window, and I is the integrated area of the CV curve in one complete cycle. The calculated specific capacitance values of the Cu:Ni(OH) 2 sample are ~24, 17, 14, 10, and 8 F/g at scan rates of 5, 10, 20, 50, and 100 mV/s, respectively. These values were quite small compared to those (450 -1667 F/g @ 5 mV/s) reported in other studies [2, 3] . However, those samples were prepared on metal foam substrates mixed with conductive and/or binder materials and subsequently, pressure was applied to increase adhesion between the active materials and the substrates. On the contrary, in this study, the Ni(OH) 2 and Cu:Ni(OH) 2 nanostructures were working electrodes directly prepared on PEI coated ITO/glass substrates without using any additional carbon black conductive material and polytetrafluoroethylene (PTFE) binder material for the CV test. Moreover, the reaction and dry temperatures were significantly lower than those reported in literatures [1, 28, 29] . Figure 5 (d) presents the CV curves of the Cu:Ni(OH) 2 sample at 20 mV/s with cycling. After 100 cycles, the initial specific capacitance deteriorated by ~15% [inset in Fig.5(d) ]. This may be due to partial exfoliation of the Cu:Ni(OH) 2 sample from the ITO/glass substrate during cycling. However, no cracks were observed on the sample after cycling. Further adjustments of the adhesion between the Cu:Ni(OH) 2 sample and ITO/glass substrate are necessary to improve the electrochemical properties of the material. 
CONCLUSIONS
We have successfully synthesized the polycrystalline phase of Ni(OH) 2 and Cu:Ni(OH) 2 via a simple one-step approach at a reaction temperature of 95 ºC. With the incorporation of Cu, the curved nanolayered structure was transformed into a nanolayer-stacking structure. Both the Ni(OH) 2 and Cu:Ni(OH) 2 samples exhibited a hydrophilic nature. Additionally, the Cu:Ni(OH) 2 sample exhibited a significantly improved electrochemical reaction activity over the Ni(OH) 2 sample. Therefore, we concluded that the Cu:Ni(OH) 2 nanostructure, prepared via a cost-effective one-step method, shows great potential for application in future supercapacitors. ACKNOWLEDGEMENT This work was supported by a Grant-in-Aid for Scientific Research (C) (No. 17K06336) from the Japan Society for the Promotion of Science.
